Abstract. In this work, a numerical model is presented to describe the thermal response of a graphene/polymer nanocomposite. The approach is based on the multi-scale method and consists of a unit cell and a Representative Volume Element (RVE) built on a finite element interface. At the unit cell level, the material's nano-characteristics (filler geometry, phase thermal properties, interfacial properties) are employed to calculate the local thermal conductivity. The material's architecture is modelled at the RVE level by incorporating the previously obtained local thermal properties. A statistical sample was studied and the average thermal response was compared to experimental data.
INTRODUCTION
In recent years the use of lightweight composite materials in aerospace structures has steadily increased. However, the design methodology followed is still conservative, neglecting the potential benefits from the adoption of composite materials. Damage tolerance design is the most promising technique for advanced composite structures since a structure could be designed to operate in the presence of damage [1] [2] . Due to the high uncertainty in predicting damage initiation, it is necessary to continuously monitor the structure's health state [3] [4] [5] [6] . In addition to this, fibre/polymer composites suffer from performance degradation because of the environmental loading conditions. Light striking is one of the most critical events, inducing intense electrical and thermal loading. The high temperature gradients created are able to degrade rapidly the polymer's properties and damage the fibre/matrix interphase.
Aiming to facilitate the structural health monitoring and thermal management, the use of nanoparticles in the formation of nanocomposites was proposed [7] [8] [9] [10] [11] [12] , in order to take into advantage their effective multi-physics behaviour. These materials could be a part of a coating or even a structural part of the component. For example, they could form the matrix phase of the composite, being able to sense damage initiation and development [13] [14] [15] as well as improve the thermal and electrical conductivity of the polymer matrix [16] [17] [18] [19] .
By comparing the experimental thermal behaviour of various graphene nanocomposites, it was observed that their thermal response can be greatly affected by the manufacturing process, the material properties of the constituents, the filler's geometry and the interaction between the phases. These parameters give the designer the opportunity to form customised material structures corresponding to specific design and production requirements. However, this flexibility is time, material and financially consuming to be fully explored experimentally, and combined with the probabilistic nature of the nanocomposite, it could lead to a vast number of samples to be manufactured and tested. Therefore, a reliable numerical model should be employed first, to explore its thermal performance, taking into consideration a wide variety of aspects and provide later the background for more targeted experimentation.
The thermal response of polymer nanocomposites has been previously simulated by the Effective Medium Approach theory (EMA) and Molecular Dynamics (MD) modelling. EMA theory was used to simulate the thermal conductivity of carbon nanotube/polymer nanocomposite taking into account the effect of the carbon nanotube diameter, aspect ratio, thermal conductivity and interfacial thermal resistance [20] . Multi-scale MD simulation was used in [21] to predict the interfacial resistance of functionalised carbon nanotubes. In the same work, an analytical model to predict the resulting effect on the bulk thermal conductivity of the nanocomposite was presented. MD simulations were also adopted to estimate the interfacial thermal resistance between parallel single-wall carbon nanotubes as a function of nanotube spacing, overlap and length [22] . Theoretically calculated and experimentally measured thermal conductivity of epoxy in the liquid (nanofluid) and solid (nanocomposite) states were compared, using both rod-like and platelet-like carbon-based nanostructures [23] .
Similarly, a theoretical model [24] and combined molecular dynamics -finite element multiscale models [25] [26] [27] were proposed for the prediction of thermal conduction of graphene/polymer nanocomposites. More specifically, an analytical model based on the framework of differential-effective-medium (DEM) theory was produced and compared to EMA approximation and available experimental results [24] . In combined multi-scale schemes, molecular dynamics are used for the investigation of thermal conduction in graphene/epoxy assembly at atomic scale to calculate the thermal boundary conductance between crosslinked epoxy and graphene sheet, while a FEbased representative volume element (RVE) of the nanocomposite was employed to evaluate the thermal conductivity at the microscale structure [25] [26] [27] .
The theoretical/analytical models, in general, do not take into consideration the nanocomposite architecture, while the interaction between the nanoparticles is not properly analysed as it is assumed that their relative distance is greater than the thickness of the interface between the polymer and the graphene. Although the multi-scale combined MD-FE models are found to be an accurate representation of the thermal conduction taking place between the fillers' interface and the bulk nanocomposite material, the use of MD simulations for the calculation of the boundary resistance between the filler and the matrix is extremely complicated. Furthermore, none of the aforementioned theories has presented any prediction on the thermal transient response of the graphene/polymer nanocomposite.
In this numerical study, following the work presented in [28] , a FE multi-scale model is proposed, consisting of a unit cell that predicts the local thermal response and a representative volume element (RVE), which calculates the overall thermal performance of the nanocomposite taking into account its detailed architecture. Numerical results are compared with analytical and experimental data found in literature and measured by our research group. Particularly, the model was used to simulate the steady behaviour of graphene/PA-6 [24] and GnP/epoxy systems [29] .
MODEL OVERVIEW Unit Cell
In the unit cell analysis, the main purpose is to simulate the local thermal transport phenomena taking place between the filler and the matrix (resin). The unit cell consists of the filler, the interfacial volume between the matrix and the filler, and the matrix, while it is shaped as the filler. The ratio of the different phase volumes is related to the volume fraction V f of the nanocomposite studied. In the current study, the unit cell is assumed circular with diameter W and thickness T. The ratio of W to T is assumed to be the same as the ratio of the filler's diameter d to the filler's thickness t (1), while the W is connected to d through equation (2) . The interfacial volume between the filler and the matrix is modelled as a constant volume with in-plane thickness c xy and through-the-thickness thickness c z . The geometrical characteristics and dimensions are presented in Fig. 1 . In terms of material properties, it has been assumed that the thermal response of all phases is temperature independent and constant to the properties measured at room temperature, while the matrix is expected to behave isotropically compared to the other two phase behaving transversely isotropically. These properties are presented in Table 1 and 2. The interfacial thermal interaction between graphene and matrix is approached by the Kapitza resistance [30] . This thermal resistance is considered to be constant for a specified distance equal to the mean free path of the polymer and it represents the resistance created because of the phonon interaction in the phases boundary, macroscopically defined as the (3), where is the heat flux in the boundary area, T is the temperature drop and R k is the Kapitza resistance. In terms of physics, R k is the result of the weak phonon-phonon coupling leading to a backscattering of phonos at the interface, which acts as a barrier of the heat flow and thus decrease the overall thermal conductivity. Theoretically, the Kapitza resistance could be calculated by two theories -the acoustic mismatch model (AMM) and the diffuse mismatch model (DMM) [31] . In AMM, for an interface between dissimilar materials, the different densities and sound speeds result in a mismatch in the acoustic impedances; this is directly analogous to the mismatch in the refractive indices of two optically different materials. By assuming that no scattering takes place at the interface, and by imposing appropriate stress and displacement boundary conditions [32] at the interface, the AM model gives the transmission coefficient t AB for phonon energy in material A incident normal to the interface with material B as (4) [33] , where Z= c is the acoustic impedance with c and being the speed of sound and mass density respectively. Considering that both sides of the interface are identical, the resistance could be computed by the (5) [33] , where k B is the Boltzmann constant, is the Plank constant devided by 2 , c is the speed of sound and T is absolute temperature. By contrast, in the DM model theory it is assumed that all phonons striking an interface lose the memory of where they came from. Then, the probability of being scattered to one side of the interface or the other is simply proportional to the phonon density of states. Thus, as in the AM model, the fraction of energy transmitted is independent of the interface structure. In the low-temperature limit, the thermal boundary resistance in the limit of diffuse mismatch can be written as (6) [33] . (6) For the purposes of this simulation work, the AMM theory has been used for the estimation of the Kapitza Resistance. The methodology followed is summarised as:
1. Determining the elastic properties, density of the phases and the temperature. 2. Calculation of longitudinal and transverse wave velocities for both phases in accordance with the theory of the analytical calculation bulk wave modes [34] for incident angle lying in filler's plane. 3. Calculation of reflection and transmission angles for any in-plane incident wave angle with the application of the relation of the Sneil-Descartes. 4. Calculation of energy transmission coefficient for each mode [32] . 5. Calculation of coefficient for each mode (7), as well as the total coefficient (8). (9) , where k B is the Boltzmann constant and is the Plank constant divided by 2 . The Kapitza resistance for each nanocomposite case was calculated as in: The structure proposed was modelled in the commercial software ANSYS 16.2. The finite element used is the Solid278, which is a homogeneous 3D 8-node thermal solid element. The model is presented in Fig. 2 . The in-plane thermal conductivity (xy-conductivity K xy ) is calculated by fixing the temperature in the unit cell perimeter and at a circle close to the centre, while the through-the-thickness thermal conductivity (z-conductivity K z ) is calculated by fixing the temperature on the top and bottom faces.
020001-4 FIGURE 2. Unit cell finite element model
At first, two graphene/polymer nanocomposite structures were studied. The first one is the Graphene/PA-6 composite studied by K. Chu et al. [24] and the second one is GnP/epoxy composite manufactured by our research group [29] . The material properties assumed in each case are summarised in Table 1 
Representative Volume Element (RVE)
The RVE is a rectangular block, on which thermal properties previously obtained through the unit cell are distributed according to a user defined distribution. The block's side is equal to multiplied maximum nanoparticle's dimension d (k·d). As it has been proven in [35] for the case of the electrical performance modelling, for k=5 the sample's characteristics have converged and they are representative of the nanocomposite's architecture. The unit cell's material properties' distribution represents the position of graphene on the bulk volume of polymer nanocomposites, while it is related to the nanocomposite's manufacturing process. Finally, the orientation of graphene is simulated by the 3D random orientation of the corresponding element local coordinate system, while the range of the angles is subject to be reviewed in relation to the nanocomposite's manufacturing process and/or if any particle alignment mechanism takes place (application of electric or magnetic field, for example). The RVE is meshed with a number of elements (nn) equal to the number of graphene particles having the same volume with the RVE's volume (10) . Finally, each side is discretised by eis divisions (11) . The distribution of the material properties is requested to be symmetric about the midplane, as it is requested by the assumptions for the analytical solution of 1D transient conduction problem. The details of the RVE, the plane symmetry and an indicative V f distribution are depicted in Fig. 3 . 
3 nn round eis (11) Thermal conductivity is calculated by the Fourier law (12) , where k is the thermal conductivity, A is the area, T is temperature and r is the distance. 
RESULTS
The numerical results are compared with experimental and theoretical ones. The experimental data are those found in literature [24] and produced by our Research Group [29] , while the theoretical results followed a model based on the Differential-Effective-Medium (DEM) theory (Fig. 4) . The average thermal conductivity is the output of the analysis of a statistical sample of fifty (50) specimens with Gaussian distribution of volume fraction with standard deviation = /8. It should be noted that the proposed model is capable to simulate well the theoretical thermal response of graphene/polymer nanocomposites. Thermal conductivity is an increasing nonlinear function of volume fraction while low volume fraction nanocomposites exhibit linear trend. Nonlinearity is the result of ratio of interfacial thickness to interparticle distance. When the interfacial thickness is comparable to the inter-particle distance, the boundary regions formed around reinforcing particles tend to overlap, leading to a nonlinear system of local thermal resistances and temperature drop. The effect of assuming different local V f distributions on the statistical nature of the thermal conductivity for the case of GnP/epoxy nanocomposite [29] is presented in Fig. 5 . For low V f s (<7%), the effect of the material distribution is negligible. For increasing V f (>7%), the type of distribution affects more evidently the average thermal conductivity, while the exponential distribution produced highest errors. For V f =15%, uniform distribution exhibited the highest average thermal conductivity, while the Gaussian distribution with standard deviation = /16 resulted in the lowest average thermal conductivity. It could be seen that V f =7% is a threshold value for the transition from the linear to the nonlinear region as well as for the important impact of local volume fraction distribution in the bulk material. Therefore, the nonlinear behaviour could be linked to the filler's distribution and its characteristics. 
CONCLUSIONS
The thermal response of two different nanocomposite systems -graphene/PA-6 and GnP/epoxy -was simulated and compared to a DEM theory. The model was found to simulate well the nanocomposite thermal behaviour. The effect of filler distribution on thermal conductivity was examined, indicating that for low V f distribution, it has a minor effect when compared to higher V f s, where the type of distribution affects more evidently the average thermal conductivity, with the exponential one producing highest errors. For volume fractions in which the interparticle distance is comparable to the interfacial thickness, nonlinear effect occurs in heat transport, leading to a greater sensitivity of the thermal response on the filler distribution and production of significant standard deviation of the statistical sample. The most important challenge in simulating the thermal response is the determination of the thermal properties of graphene, which exhibits high deviation and dependence on graphene nano-structure and manufacturing process. 
